[1] The surface energy budget and ablation were measured in the ablation zone of Parlung No. 4 Glacier on the southeast Tibetan Plateau (29°14′N, 96°55′E) during boreal summer 2009. The present study examines the summertime surface energy fluxes to identify major atmospheric variables governing the surface melt and their phenomenological links to the progression of the South Asian monsoon. Turbulent sensible heat and latent heat fluxes were calculated using the bulk aerodynamic approach, the accuracy of which was verified through a comparison with eddy-covariance flux measurements. The surface ablation calculated by the energy balance model was also verified by measurements of ablation stakes. Our results found the following percentage contributions to the total melt energy: net shortwave radiation, 98%; net longwave radiation, −12%; sensible heat, 16%; latent heat, −1%; and subsurface fluxes, −1%. The combined roles of cloud cover and surface albedo appear to control the surface energy balance during the onset period of the South Asian monsoon. The cloud variations affect surface melting with the advancement of the monsoon. Intensification of the South Asian monsoon probably accelerates melting in the ablation zone, whereas weakening of the monsoon reduces glacier melting, mainly because of changes in downward longwave irradiance and heat release due to vapor condensation. Moreover, the temperature index model proves useful for long-term mass balance and ablation modeling in cases where the degree-day factors are calibrated. But incorporating incoming shortwave radiation into the model should be more applicable and practical in this region.
Introduction
[2] Tibetan glaciers, located on Earth's highest plateau, provide the sources of numerous rivers that supply water to billions of people in Asia [Barnett et al., 2005] . Several recent studies have found negative mass balances over many Tibetan glaciers Dobhal et al., 2008; Pu et al., 2008; Wagnon et al., 2007] , and that the great majority of Tibetan glaciers have been retreating and shrinking [Li et al., 2008; Yao et al., 2007] . The glacial retreat and significant mass loss could endanger the water resource in surrounding regions [Immerzeel et al., 2010] .
[3] Predicting the responses of Tibetan glaciers to future climatic change and their potential impacts requires an understanding of the physical relationship between glaciers and climate. These relationships can be addressed by studying glacier surface energy balance (SEB). SEB studies have been conducted in detail on many mountain glaciers and ice sheets around the world [e.g., Bintanja et al., 1997; Francou et al., 2003; Giesen et al., 2008; Kaser et al., 2004; Mölg and Hardy, 2004; Oerlemans and Klok, 2002; Van As et al., 2005] . A number of SEB measurements have been carried out on Tibetan glaciers, such as on the Xiao Dongkemadi Glacier in the Tanggula mountain [Zhang et al., 1996] , the Chongce Glacier in the Kunlun mountain [Takahashi et al., 1989] , the Xixiabangma Glacier in the north Himalayas [Aizen et al., 2002] , and the Hailuogou Glacier on Gongga Shan (mountain) [Xie, 1994] . These measurements reveal that SEB characteristics vary considerably over the Tibetan Plateau (TP). Several previous studies have made a direct comparison between modeled and measured turbulent fluxes in the glaciers outside the TP [e.g., Cullen et al., 2007; Munneke et al., 2009; Van As et al., 2005; Van den Broeke et al., 2006 . However, most previous studies on the TP fail to provide detailed descriptions of instrumentation, turbulent flux calculations, nor quality control procedures. In particular, the calculation of turbulent fluxes (which normally play a significant role in the SEB) can contribute a significant error if the necessary stability corrections are omitted or the treatments of surface roughness lengths are simplified [Brock et al., 2006; Hock, 1996] . The lack of basic information regarding the instruments and overly simplified treatment of turbulent fluxes prevent easy evaluation of their SEB results and the drawing of general conclusions through intercomparison.
[4] In fact, detailed SEB measurements and comparisons are crucial because different types of glaciers should differ considerably, depending on their different climatic settings [Fujita, 2008; Rupper and Roe, 2008] . For example, the South Asian monsoon greatly influences maritime glaciers of the region (concentrated on the southeast TP). High accumulation and ablation rates characterize these glaciers, resulting in high mass turnover rates. The energy/mass balance, therefore, should be particularly sensitive to the progression of the South Asian monsoon. In comparison, the more continental climate exerts different impacts on the continental glaciers in the Karakorum Mountains and the north TP. In the central Karakorum, recent expansions continue to be found in some of the glaciers, despite of the overall trend toward worldwide glacier shrinkage [Hewitt, 2005] . These factors justify detailed SEB measurement efforts and in-depth analyses of the controlling atmospheric factors should be helpful to shed light on the climatic sensitivities of different glaciers.
[5] Therefore, the Institute of Tibetan Plateau Research conducted a new glaciometeorological field experiment at Parlung No. 4 Glacier, southeast TP. This study validated the turbulent heat fluxes (calculated by the bulk aerodynamic method) and the performance of the SEB model (with the availability of eddy-covariance and ablation data). Meanwhile, based on the SEB and meteorological analysis, we have identified major atmospheric variables controlling the surface ablation and, furthermore, looked into their relationships with the progression of the South Asian monsoon. Results should help researchers better understand the mechanisms of glacier fluctuations on the southeast TP. Moreover, although a physically based energy balance model typically has a good performance, it still does not apply for long-term mass balance or glacial discharge modeling, partly because long-term energy measurements are rarely available. The simple temperature index model, therefore, should be a practically useful alternative. Such model generally produces good results using limited input data [Braithwaite, 1995; Hock, 2003] . Empirical approaches such as these have been adopted to predict the future glacial discharge from the TP [Immerzeel et al., 2010] . However, this model is found hardly useful to simulate melting in some regions, particularly on tropical glaciers [Sicart et al., 2008] . We, therefore, attempt to determine whether this simple model is applicable in our study region for future mass balance/discharge modeling. To accomplish this goal, this study evaluates the performance of the simple model to lead future applications.
Study Region and Field Measurements

Study Region
[6] The Parlung No. 4 Glacier is a valley-type glacier and named according to the Chinese Glacier Inventory. It lies in the upper Parlung-Zangbu River Basin, southeast TP, where the South Asian summer monsoon intrudes via the Brahmaputra Valley (Figure 1) . Annual precipitation at the equilibrium line altitude (ELA) reaches about 2500-3000 mm, with the mean summer air temperature usually above 1°C [Shi and Liu, 2000] . Following the global trend, most glaciers in this region have been retreating since the 1970s, showing accelerating trends since the late 1990s, with negative annual mass balances [Pang et al., 2007; Yao et al., 2010] . The recent annual terminus retreat has remained about 15 m/yr . Parlung No. 4 Glacier flows northward from an elevation of 5964 to 4650 m, with an area of about 11.7 km 2 and a length of nearly 8 km. Its mean ELA in balance years of 2005-2006 and 2006-2007 stood at about 5396 m [Yao et al., 2010] .
Energy Budget Measurements
[7] An automatic weather station (AWS) was installed in the ablation zone at an elevation of 4800 m and operated from 21 May until 8 September 2009 (Figure 1 ). The site lies close to the central axis of this glacier, situated on a relatively flat area (with an approximate slope of about 5 degrees). A data logger stored half-hourly mean records of the following meteorological variables: air temperature, relative humidity, and the incoming and reflected shortwave and longwave radiation. A CSAT3 three-dimensional sonic anemometer (Campbell Scientific Inc) and a LI-7500 open-path gas analyzer (Li-Cor Inc.) were used to measure the eddy-covariance turbulence. All turbulence raw data were collected at 10 Hz, specifically three components of wind velocity, virtual temperature, and water vapor concentrations. Guo et al. [2011] gives a full description of turbulent flux corrections and quality-control procedures. During the observational period, a 4 day data gap exists during 22-25 July. All instruments were mounted on a light aluminum tripod resting freely on the ice surface, thus allowing a roughly fixed distance between the sensors and the ice surface. Table  1 lists detailed sensor specifications of all these instruments. The station was maintained for sensor leveling and data downloading every 5-10 days during the field experiment.
Ablation Measurement
[8] A total of nine bamboo ablation stakes were distributed near the AWS as one 3 × 3 matrix with a spacing of about 2 m between adjacent stakes. Ablation was measured during each maintenance of the AWS. The average readings from all stakes were taken as the surface ablation for the interval. All ablation readings were converted to water equivalent (w.e.) using a density of ice of 900 kg m −3 and for snow of 300 kg m −3 (mean value of snow density based on field measurements).
Energy Balance Model
[9] The approximate SEB (in W/m 2 ) can be written as
where S in is the incoming shortwave radiance, S out is the reflected shortwave radiation, and L in and L out are the incoming and outgoing longwave radiation, respectively. H se and H la are the turbulent fluxes of sensible heat and latent heat, respectively; and G is the subsurface heat flux. All fluxes are defined positive when directed toward the surface.
[10] The radiation components were directly measured at the AWS. The turbulent fluxes were calculated by the bulk aerodynamic method. Following the Monin-Obukhov similarity theory, H se and H la can be expressed as
where r is the air density; c p is the specific heat capacity of air (1005.0 J/kg/K); l s is the latent heat (2.834 × 10 6 J/kg a Parameters are as follows: H 2 O/CO 2 , water vapor/CO 2 concentrations; L in , L out , incoming and outgoing longwave radiation, respectively; RH, relative humidity; S in , S out , incoming and reflected shortwave radiation, respectively; T′, virtual temperature; T air , air temperature; T ice , ice temperature; u′, v′, w′, three-dimensional wind speeds.
for sublimation and 2.514 × 10 6 J/kg for evaporation, respectively); u * is the friction velocity; T * and q * are scaling parameters of temperature (T) and specific humidity (q), respectively, which are defined as
where is the von Kármán constant (0.4); L is the Obukhov length indicative of the turbulent stratification; and Y M , Y T , and Y q are the stability correction functions for wind velocity, temperature and humidity, respectively. Here, functional forms of Y M and Y T are adopted from the work of Holtslag and De Bruin [1988] in the stable boundary layer, as well as using the normal assumption that Y q = Y T (see Andreas [2002] for recommendations). For applying the bulk aerodynamic method, u, T, q at their respective measurement heights (Z M , Z T , Z q ) and the associated surface roughness lengths (Z 0M , Z 0T , Z 0q ) lead to the corresponding turbulent scales. The surface temperature T (Z 0T ) is derived from the outgoing longwave radiation and the surface is assumed to be saturated, so that q (Z 0q ) is readily computed as a function of the surface temperature only. During the ablation season, aerodynamic roughness lengths (Z 0M ) generally varied on the order of 10 −4 -10 −2 m, as determined from eddy-covariance flux and gradient measurements [see Guo et al., 2011] . We used the constant value of 0.3 mm for snow surfaces (before 12 June) and 0.8 mm onward for a rough surface on this glacier. In addition, the scalar roughness lengths of Z 0T and Z 0q were parameterized following the method of Yang et al.
[2002], as recommended by Guo et al. [2011] following an evaluation among three candidate approaches separately suggested by Andreas [1987] , Yang et al. [2002] , and Smeets and Van den Broeke [2008] .
[11] The subsurface heat flux was estimated herein using a simple two-layer subsurface model [Oke, 1987] :
where r is the ice density (900 kg m −3 ), C s is the specific heat of ice (2.09 × 10 3 J/kg/K), and K s is the thermal diffusivity for ice (1.15 × 10 −6 m 2 /s) [Paterson, 1994] . Since the ice temperature probes (see details in Table 1 ) gradually melted out during the ablation period, unfixed depths (Z) had to be adopted during our data processing. The depth of the thermistor closest to the surface was determined by a simple interpolation based on the ablation stake records.
Results
Glaciometeorological Conditions
[12] As expected, very persistent katabatic (glacier) winds generally controlled the airflow near the surface throughout the experiment (see Figure 2 ; 220°is roughly along the glacier's central axis). The wind speeds seldom exceeded 10 m/s. The daily mean wind speeds typically fell between 1.5 and 6.7 m/s, with an average of 3.2 m/s (Figure 3b ). In the beginning phase of this field experiment (until 2 June), the wind speeds were relatively high. After this period, the wind speeds were less variable, except for a short period between 1 and 3 July.
[13] The daily mean air temperatures (T) remained above the melting point of ice (0°C) between 21 May and 8 September, except on 3 June (Figure 3a) . The air temperature stayed comparatively low over the snow surface for the first few days of the experiment. But temperature gradually increased until the end of June, after which diminished variations occurred on the daily scale. The average of the daily mean air temperatures over the entire period was about 3.7°C. Daily mean relative humidity (RH) and air temperature exhibited similar variations (Figure 3c ). The air on this glacier was fairly humid, with the ensemble mean of daily relative humidity above 78% during our observation period. Daily mean relative humidity rarely dropped below 60%. High moisture was particularly evident in the mature period of the rainy season (July to August).
[14] Moreover, the surface albedo (a) declined steadily until 24 June, after which it assumed a constant value of about 0.2 ( Figure 3d) ; its occasional increase, such as on 30 May, denoted a snowfall event. These changes of albedo indicate that the seasonal snowpack in the ablation zone disappeared around 24 June, when surface ice became exposed. The fairly constant albedo in July and August implies that precipitation mostly occurred in the form of rain (due to relatively high air temperature), implying that only small changes in the ice surface condition take place during this latter period.
[15] This study region is affected by the South Asian monsoon and thus cloudy conditions prevail for this glacier. We estimated the amount of cloud cover using, more or less, a method similar to that suggested by Van den Broeke et al. [2006] and Munneke et al. [2011] . Polynomial fits through the 5th and 95th percentile levels of L in , binned into air temperature intervals of 0.5 K, are assumed to represent the minimum and maximum incoming longwave radiation at a given air temperature, corresponding to cloud cover values of 0 (clear sky) and 1 (overcast), respectively (Figure 4) . By assuming that cloud coverage increases linearly between these minimum and maximum values, a linear interpolation was then used to calculate the cloud cover for each halfhourly interval from the measurements of air temperature and incoming longwave radiation. Figure 3e shows the daily mean cloud coverage. This analysis indicates that the observational period experienced high cloud fractions (>0.7) for almost half of the time. Additionally, overcast conditions predominated in July and August, whereas clear-sky weather conditions occurred mainly before July and after late August.
Validation of the SEB Model
[16] The turbulent heat flux data measured by the eddycovariance system were used to verify the calculated fluxes. Figure 5 compares the calculated half-hourly H se and H la values against direct eddy-covariance measurements (a total of 600 h of data pass the quality-control procedure by Guo 2 ) for H se and H la , the calculated turbulent fluxes agree well with the direct measurements. The mean differences of 2.5 W/m 2 and 2.7 W/m 2 suggest a slight underestimation of the calculated H se and H la values. Section 5.1 will discuss the relative error discrepancies of turbulent heat fluxes during different periods with the development of the South Asian monsoon.
[17] This study carried out an intercomparison between measurements and calculated melting in order to validate the robustness of the SEB calculations (Figure 6 ). The melting amount during the data gap period (22-25 July) was estimated using the average daily measurements of ablation at the stake. During the observation period, the total melt calculated using the ablation stakes and SEB model was 4.7 and 4.9 m w.e., respectively. This difference (i.e., 0.2 m w.e.) is acceptable given the standard deviations of the ablation measurements derived from the nine ablation stakes (see the error bars in Figure 6 ) and potential impact of snow accumulation. The good agreement between the modeled and measured surface melt indicates that the SEB model incorporates the primary processes, as well as the important energy components (see equation (1)).
Surface Energy Fluxes
[18] Figure 7 depicts the daily surface energy components for melting (SEB), net solar radiation (S net ), net longwave radiation (L net ), turbulent heat fluxes (H se and H la ) and subsurface heat flux (G). Clearly, radiative energy dominates the SEB throughout the examined period. Generally, L net was negative, acting as a heat sink. The record of L net indicates three separate phases. Relatively large negative L net values occurred before late June and after late August. Between these two periods, L net was notably less negative. Given air temperatures constantly higher than the ice surface temperature of around 0°C (i.e., in a stable boundary layer), H se continued to provide energy gain for melting the surface. The sign reversal of H la , shifting from negative to positive and back to negative again, is also found in late June and late August. This phenomenon indicates that during the mature rainy season (July and August), water vapor condensation contributed to surface melting, while sublimation-evaporation commonly occurred and consumed the melt energy at other periods. The subsurface heat flux G provides a very minor heat sink and can almost be neglected. 
Error Analysis for the Energy Balance Model
[20] Possible sources of errors in the process of SEB calculation need be considered. Information provided by the manufacturer (Table 1) suggests that errors from the net radiation instrument may reach ±10%. Errors introduced by the tilt of the tripod of AWS and sensor riming can be neglected due to our regular site maintenance throughout the observation period. Van den Broeke et al. [2004] point out that with an accuracy higher than 5% for daily averages, the Kipp and Zonen CNR1 net radiometers perform better than the manufacturer's specifications. Therefore, we consider that the maximum error for the net radiation measurement should be within ±10% or about 15 W/m 2 .
[21] Air temperatures were measured using a naturally ventilated radiation shield, which can lead to high air temperature readings during periods with low wind speed and high shortwave radiation because of potentially insufficient ventilation. Possibly errors introduced were calculated using the method suggested by Smeets [2006] , resulting in a mean correction value of 0.15°C. This value fall below the manufacturer's specifications of the Vaisala temperature sensor (estimated accuracy being ±0.2°C for daily totals). Therefore, we used a mean temperature error in the temperature of ±0.2°C, and the manufacturer's suggested value of ±2% as the mean error for relative humidity (Table 1) . Recalculating the turbulent heat fluxes using these values provides mean errors for the sensible heat flux of 1.5 W/m 2 and latent heat flux of 2.0 W/m 2 . Moreover, in this study, both constant Z 0M values were used for snow and ice, but in reality, these values will change with time during this ablation season [see Guo et al., 2011] . The uncertainties introduced by Z 0M were evaluated by assuming Z 0M = 1 mm and Z 0M = 20 mm, which represent the lower limit and upper limit on this glacier, respectively. This analysis indicates that, on average, H se and H la values decrease by 7 W/m 2 and 1 W/m 2 when Z 0M is 1 mm, while they increase by 5 W/m 2 and 1 W/m 2 when Z 0M is 20 mm. The maximum errors of H se and H la are thus found as 8 and 2 W/m 2 , respectively. The errors from the subsurface heat calculation are negligible due to its small contribution. The total maximum error of all terms involved in the energy balance derived from error propagation results in an error estimate for the mean calculated melt of 175 ± 42 W/m 2 .
Discussions
Factors Controlling the SEB and Their Links to the Progression of the South Asian Monsoon
[22] On the basis of examination of the various time series above, we found distinct changes in both meteorological elements and energy components at the end of June and in late August. Subjectively, this led us to distinguish three melt periods, namely P1, P2, and P3 separated by dashed lines in Figures 7 and 8 . Table 2 summarizes the main characteristics of each period and they are discussed below. In 2009, the P1 period lasted from 21 May to 24 June. P1 was very windy, but relatively dry and cold. The sky remained relatively clear (with a mean cloud fraction of 0.48) and the glacier surface was covered by the seasonal snowpack with a mean albedo of 0.42 (Table 2 and Figure 3d ). The onset of the South Asian summer monsoon generally occurs in mid-June [Chang and Chen, 1995] . Therefore, P1 appears to coincide with the onset of the South Asian summer monsoon. The second period covered from 25 June to 21 August. Compared with P1, the wind speeds were lower, while the cloud fraction sharply increased to 0.78. The average air temperature was higher than that for P1; and the mean relative humidity increased to as much as 82%. The surface snow melted away and the bare ice was exposed with an almost constant albedo of 0.21. So, P2 represents a period of lower wind speed but enhanced cloud cover with higher temperatures and humidity. We assume that this period represents the mature period of the rainy season, likely as a result of the strengthening South Asian summer monsoon. During P3 (from 22 August to 8 September), both air temperature and relative humidity dropped slightly. The surface was sporadically disturbed by fresh snow that melted away quite quickly. The weather was modestly overcast, with an average cloud fraction of 0.55. This period is considered to represent an interval of declining monsoon.
[23] The SEB appears to make a significant transition with the development of the South Asian summer monsoon. In 2009, the melt energy during the mature period of the South Asian monsoon (in P2) was about 62 W/m 2 higher than that in P1 and 55 W/m 2 higher than in P3. Table 2 shows clearly that H se and G changed minimally over the three periods (within 9 W/m 2 and 1 W/m 2 ), but the differences in R net (e.g., 35 W/m 2 between P1 and P2 and 33 W/m 2 between P2 and P3) and H la (e.g., 21 W/m 2 between P1 and P2 and 12 W/m 2 between P2 and P3) were much more apparent than those in H se and G. Since we only use the averages of turbulent flux (and these flux values are relatively small during the periods of measurements), we examined the effect of potential errors in the calculation process. Following the Figure 8 . Relative contributions of the latent heat flux, distinguished between condensation and sublimation/evaporation, to surface melt. method in section 4.2, we calculated the mean errors in three periods by comparing with the eddy-covariance data. The mean underestimation of H se for P1, P2 and P3 were only 3.5%, 2.9% and 11.3%, respectively. Thus, the error of H se should be within 3 W/m 2 throughout. However, the mean underestimation percentages of H la values are comparatively large, with 25.5% in P1, 25.6% in P2 and 5.1% in P3. Overall, it means that the underestimation of H la are about 3 W/m 2 in P1, 2 W/m 2 in P2 and 0.2 W/m 2 in P3. Overall, however, these calculated errors should not change the conclusion that the discrepancies in H la provide one important cause of the SEB variations with the progression of the South Asian monsoon. The differences in R net and H la , therefore, cause the majority of the SEB differences among different monsoon stages ( Figure 7 and Table 2 ).
[24] Both cloud coverage and surface albedo obviously play crucial roles in the R net . On the southeast TP, clouds should be more closely linked to the intensity of the South Asian summer monsoon than elsewhere on the TP, while the surface albedo depends primarily on both (1) the depth of seasonal snowpack accumulated during the winter and (2) the spring snowfall and the melt conditions during the monsoon period. The clear skies during period P1 allowed more incoming shortwave radiation. S in during P1 averaged about 72 W/m 2 greater than during P2, and 61 W/m 2 more than during P3. But S out during P1 was also high, with mean losses of 75 and 56 W/m 2 higher than those in P2 and P3, respectively. Therefore, S net varied much less among the three periods (within 8 W/m 2 ). However, L in showed a great difference with the progression of monsoon. The difference between the average L in during P1 and that during P2 was 37 W/m 2 , and between P2 and P3 was 28 W/m 2 . The variation of the mean L out between the three periods was small (within 4 W/m 2 ). Therefore, these radiation changes indicate that the combined role of cloud coverage and surface conditions dominated the SEB at the beginning of the South Asian summer monsoon, whereas the cloud cover dominated R net through the great fluctuation of L in during P2 and P3, due to the constant low albedo (Figure 3d ).
[25] In addition to R net , the turbulent flux of latent heat (H la ) provides another important contributor to the different SEB values between three time periods. The sign reversal of H la has a great impact on the SEB variation, although H la was a small contributor. The energy released by condensation in P2 enhanced the surface ice melting. However, during P1 and P3, sublimation-evaporation commonly occurred because of the reversal of humidity gradient. Figure 8 illustrates the relative contribution of H la to the surface melt. Intense winds and dry conditions prevailed between 21 May and 1 June, producing more mechanic turbulence. This process led to a notable loss of energy through snow sublimationevaporation, which plays an important role in diminishing the melting process. The average difference in H la between P1 and P2 was about 21 W/m 2 , and between P2 and P3 was about 12 W/m 2 . This indicates that the intensity change of the South Asian monsoon did not only greatly affect the surface net radiation balance, but also affected the pattern of energy supply and consumption by the change of H la .
[26] Overall, the SEB fluctuations appear to relate to the development of the South Asian summer monsoon. The strengthening South Asian monsoon brings more cloud cover and warm moist air to the southeast TP. Thus, increases in L in and H la can significantly change the roles of the glacier melting in the ablation area. For example, if a strong monsoon arrives early (i.e., shift to P1), the energy for melting could probably increase by about 15 W/m 2 if the surface albedo (0.42) remains unchanged, because the precipitation falls as rainfall in the mature monsoon period. Similarly, more melt energy (as much as about 38 W/m 2 increase) can also be added if the mature period lingers into the P3 time frame. A statistically significant warming trend has occurred during the past decades on the TP [Liu and Chen, 2000; Qin et al., 2009] . This suggests that both global warming and the gradual changes of the South Asian summer monsoon could influence future glacier fluctuations in the southeast TP.
Evaluation of Simple Models for Glacier Melting
[27] Temperature index model has potential advantages for predicting future mass balances and modeling discharges on the TP. But the applicability should first be validated, and when possible, improved models should be developed and applied. Thus, the optimal results of a temperature index model and some extended models incorporating additional meteorological variables should be compared with the energy balance model for evaluating their performance by using the Nash-Sutcliffe efficiency coefficient [Nash and Sutcliffe, 1970] :
where M Q is the melting calculated by the SEB model, M s is the melting calculated value by the temperature index model, and M Q is the mean value of M Q .
[28] First, we evaluate the performance of the temperature index model. Figure 9 shows that the temperature index model (M = 11.7 · T) captures the melting variability, especially after 24 June, when cloud cover is the main controlling factor of SEB. This appears reasonable in that the air temperature information transfers to the surface mainly through longwave atmospheric radiation [Ohmura, 2001] . The daily mean amount of melting by energy balance model and the temperature index model are 44 and 43 mm w.e./d, respectively. This finding gives an insight into the fact that, when degree-day factors are calibrated against actual measurements or the physically derived energy and mass balances, the simple temperature index model provides enough accuracy to simulate melting over long periods for this glacier (such as for long-term mass balance and discharge trend modeling). However, the R 2 value is only 0.52. This finding also shows that the performance of the temperature index model becomes inadequate for some higher temporal resolution, such as for daily discharge forecasting, because of the resolution deficiency of this model, as pointed out by Hock [2003] .
[29] To improve temporal resolution of the ablation modeling, we tried incorporating additional atmospheric variables into the temperature index model. The wind speed and relative humidity were first taken into account, since they are more readily available from routine meteorological observations. However, no significant improvements were achieved by using these two enhanced models. We did find an increase in R 2 by nearly 15% when the temperature index approach included the S in (M = 8.73 · T + 0.05 · S in ). Such might be expected, because S in is one of the most important components in the SEB. Given the easy long-term maintenance of the AWS outside the Parlung No. 4 Glacier, using a temperature index model incorporating S in should be simple enough and useful for achieving relatively high accuracies in this study region. Glacier (a maritime glacier on the southeast TP) were analyzed to depict the characteristics of the SEB and to identify its relationship with the major atmospheric variables governing the SEB. The bulk aerodynamic method validated by eddy-covariance measurements was used to calculate the turbulent heat fluxes; and components in the SEB for melting were further validated by stake ablation measurements. Our results indicate that net radiation governed the energy budget. The turbulent sensible heat flux was always positive (downward) and the latent heat flux shifted from negative (upward) to positive (downward) with the development of the South Asian monsoon. The net shortwave radiation is the dominant contributor to the net total melt energy (98%), followed by the sensible heat flux (16%). The net longwave radiation (−12%), the latent heat flux by sublimation-evaporation (−1%) and the subsurface heat flux (−1%) contributed negatively to net melting energy overall. The SEB variation was clearly linked to the progression of the South Asian monsoon. Both the longwave irradiance and the latent heat flux exhibit significant differences between the three stages of the South Asian monsoon development. The most rapid melting occurred during the mature monsoon period, partly due to the release of the heat of condensation and the higher energy input supplied by incoming longwave radiation. These observations demonstrate that the progression of the South Asian monsoon affects the glacier melting in the ablation zone of the Parlung No. 4 Glacier. Moreover, our results may offer useful insights into the fact that the simple temperature index method provides sufficient accuracy for long-term ablation modeling when the degreeday factors in the model can be calibrated against some measurements or physically derived energy and mass balances. However, an enhanced temperature index model that incorporates the shortwave radiation may be more practical and applicable for high-resolution modeling in this region. 
Conclusions
